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Abstract 
 
Stainless steel flue dusts are problematic to the steel industry because of their chemi-
cal composition that makes direct recycling and landfilling impossible. Pyrometallur-
gical and hydrometallurgical processes have been tested in dust treatment. At the 
moment, most of the processes that have reached commercialization have been py-
rometallurgical. Still, it is thought that hydrometallurgy could offer solutions espe-
cially in small scale on-site treatment as it is less energy intensive and requires a 
smaller investment than pyrometallurgical processes.  
 
In the theoretical part of this work, the problematic related to flue dusts is considered 
and some of the tested treatment processes are described. One chapter in this part 
deals with relevant hydrometallurgical principles and outlines the most recent re-
search in the field of sulfuric acid leaching 
 
The experimental part of the work introduces a multi-phase process that was tested 
for removing zinc from five different stainless steel dust samples (CRK, VKU1, VKU2, 
AOD1 and AOD2). The process consisted of three phases: water washing, leaching 
with 0,5 M sulfuric acid and leaching with  alternatively 2 M or 6 M sulfuric acid.  
 
Results from the experiments lead to conclude that a multi-phase leaching process 
might not offer the desired benefits in zinc removal. Highest zinc removal rates were 
observed when the second leaching step was carried out in 2 M acid; CRK 62%, VKU1 
58 %, VKU2 50 %, AOD1 61 % and AOD2 59 %).  
 
The leaching of alloying elements Cr, Ni and Mo was also monitored during the pro-
cess. Cr and Ni were found to be less soluble than Mo, which was leached already in 
the first step of the process chain. Additionally, the water washing step on the other 
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Tiivistelmä 
Tuotantoprosessin aikana syntyvät lentopölyt aiheuttavat ongelmia terästeollisuudel-
le. Niiden suora kierrätys tai läjitys kaatopaikalle on kemiallisen koostumuksen takia 
mahdotonta.  Sekä pyro – että hydrometallurgisia menetelmiä on tutkittu pölyjen 
käsittelemisessä, mutta täysin tyydyttävää prosessia ei ole vielä tällä hetkellä olemas-
sa.  Enemmistö kaupallistetuista käsittelyprosesseista on perustunut pyrometallurgi-
siin menetelmiin. Hydrometallurgisten prossien on kuitenkin ajateltu tarjoavan uusia 
mahdollisuuksia etenkin pienien pölymäärien käsittelyssä.  
 
Työn teoreettisessa osassa käsitellään lentopölyihin liittyviä ongelmia ja esitellään 
joitakin tärkeimpiä käsittely menetelmiä. Hydrometallurgian teoriaa, ja viimeisintä 
rikkihappoliuotukseen liittyvää tutkimustietoa käsitellään omissa luvuissaan. 
 
Työn kokeellisessa osassa esitellään työn aikana testattu monivaiheinen liuotuspro-
sessi, jonka tarkoituksena oli sinkin liuottaminen viidestä eri pölynäytteestä (CRK, 
VKU1, VKU2, AOD1 and AOD2). Testattu prosessi koostui kolmesta vaiheesta: vesi-
pesu, liuotus 0,5 M rikkihapolla, ja liuotus vaihtoehtoisesti 2 M tai 6 M rikkihapolla. 
 
Kokeista saatujen tulosten perusteella monivaiheinen liuotusprosessi ei näytä tuovan 
erityistä lisäarvoa sinkin liuottamiseen.  Sinkki liukeni pölyistä parhaiten 2 M rikki-
hapossa, jollin sato prosentit olivat seuraavat: CRK 62 %, VKU1 58 %, VKU2 50 %, 
AOD1 61 % and AOD2 59 %.  
 
Tutkimuksessa tarkasteltiin myös kromin, nikkelin ja molybdeenin liukenemista pro-
sessin aikana. Kromin ja nikkelin havaittiin olevan vaikeammin liuotettavissa kuin 
molybdeenin, joka liukeni jo prosessin ensimmäisessä vaiheessa. Työssä havaittiin 
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Flue dusts are generated in rather large amounts during stainless steel production and 
they are problematic to the industry for several reasons. Firstly, because of their 
chemical composition, they cannot be directly recycled back to the steelmaking process 
nor used as raw material in the production of other metals or landfilled. The dusts 
contain elements that cause problems in further processing as well as elements that are 
environmentally harmful. Secondly, if the dust cannot be treated and recycled, valuable 
potential raw material will be lost.  
In general, the majority of problems in recycling are caused by accumulation of zinc to 
the flue dusts. Zinc is one of the primary elements in the dusts because of the usage of 
galvanized steel scrap as raw material. It is present as easily soluble zincite (ZnO) or 
refractory franklinite (ZnFe2O4), which is a spinel group mineral.  Other problematic 
elements in the dusts include halides and heavy metals such as lead and cadmium. 
Heavy metal content makes landfilling regulated while halides are detrimental to zinc 
electrolysis. There has been plenty of research on alternative ways to remove zinc from 
the dusts in the form of compounds that could be further used in zinc production 
[Caravaca et al. 1994, Cruelles et al. 1992, Denton 2005, Dutra 2006, Goff et al. 2004, 
Havlik et al. 2006, Herlitz 1982, Herrero et al. 2010, Hoang Trung et al. 2011, Kekki et 
al.  2011 & 2012, Kelebek et al. 2004, Kemperman 2010, Langova et al. 2007, Leclerc 
et al. 2003, Maccagni et al. 2010, Majuste et al. 2008, Nakamura et al. 2008, 
Oustadakis et al. 2010, Palencia et al. 1999, Stefanova et al. 2012 & 2013, Reyad 2010, 
Xia et al. 2000]. Research has mostly concentrated on carbon steel dusts whereas only a 
few papers have investigated zinc removal from stainless steel dusts [Denton 2005, Goff 
et al. 2004, Kekki et al. 2011 & 2012, Majuste et al. 2008, Stefanova et al. 2012 & 
2013]. Both pyrometallurgical and hydrometallurgical processes as well as hybrid 
processes have been tested but an entirely satisfying process doesn’t really exist at the 
moment [Zunkel 2001, Nakamura et al. 2008, Xia et al. 2000].  
The dusts that were studied in this thesis originated from a stainless steel plant, and 
besides iron and zinc they contained chromium, nickel and molybdenum. The purpose 
of this thesis was to investigate the leaching of zinc, concentrating especially in 
breaking the refractory franklinite structure by a multistage leaching process. Leaching 
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behavior of other elements was also monitored, focusing especially on valuable alloys 
nickel, molybdenum and chromium. Additionally, a pre-treatment for halide removal 
was investigated.  
Three research questions were formulated from the previous objectives: 
 
1. Can a multistage leaching process be used in breaking franklinite and can it 
enhance zinc removal from flue dusts?  
2. How do Ni, Mo and Cr behave during the process?  
3. Can halides be removed from the dusts by water washing pre-treatment? 
 
In order to find answers to the research question, a three stage process was studied in 
detail. The process steps were designed to selectively leach specific compounds from 
the dusts and break different zinc containing mineral structures. The process steps are 
described below and the process is depicted by a flow chart in Figure 1.  
 
i. Washing with distilled water in order to leach halides that are detrimental to 
zinc electrolysis. 
ii. Leaching with dilute (0.5 M) sulfuric acid to leach zinc that is in oxide form 
(ZnO). 
iii. Leaching alternatively with 2 M or 6 M sulfuric acid to leach zinc that is bound 





Figure 1. Flow chart of the tested multistage process. 
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2 STAINLESS STEEL FLUE DUSTS 
This chapter introduces the formation mechanisms and general characteristics of 
stainless steel flue dusts. At the end of the chapter, problems arising from the 
composition of the dusts are discussed together with prospects in dust recycling and 
treatment. 
2.1 Formation of dust particles 
The core of the process chain for producing stainless steel is depicted in Figure 2. First, 
liquid ferrochrome is treated in the ferrochrome converter (Cr-converter) to lower its 
carbon content. Next, the converted ferrochrome is charged to the electric arc furnace 
(EAF) with recycled steel scrap and melted. The molten mixture is then decarburized in 
an argon oxygen decarburization converter (AOD) from which it is casted and can 
proceed to following process steps.  
 
Figure 2. Stainless steel production process [Brink Helsinki Oy]. 
 
Nearly all flue dusts, a total of 30 to 70 kg per ton of produced stainless steel [Denton 
2005, Goff et al. 2004, Zunkel 2001, Li et al 1992], come from the Cr-converter, EAF 
and AOD. Temperatures in Cr-converter, EAF and AOD can rise up to 1600 °C, where 
elements such as Fe, Zn, Pb and Cd are volatilized to the vapor phase. When the 
temperature of the vapor phase drops, vaporized material oxidizes and condenses 
generating new compounds, including ZnO and ZnFe2O4 [Machado et al 2006, 
Nyirenda 1991]. Zinc volatilization is especially due to higher vapor pressure compared 
with iron, and to the fact that zinc has very low solubility to molten slag [Laforest et al 
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2006, Machado et al. 2006, Oustadakis et al. 2010]. The fumes are extracted from the 
furnace through an opening in the roof and then pre-combusted and cleaned. 
Agglomeration of small dust particles takes place in the cooler parts of the off-gas 
system. The dust that is transported in the fumes is then collected in large bag filters in 
the bag house. Guézennec et al. [Guezennec et al. 2005] have comprehensively studied 
the formation mechanisms of dust particles in the EAF and identified five emission 
mechanisms (see also Figure 3): 
 
1 Volatilization. Taking place in the arc zone (1) and the oxygen jet zone (1´) as 
well as in bursting of CO bubbles 
2 Projection of droplets at the impact points  of the arc (2) or oxygen jet (2`) 
3 Bursting of CO bubbles coming from steel bath decarburization (3) 
4 Bursting of droplets that are in contact with oxidizing atmosphere within the 
surface (4). Though this mechanism is uncertain in the EAF. 
5 Direct fly-off of solid particles (5). Related to the introduction of powder 
materials into the furnace. 
 
  
Figure 3. Dust formation mechanisms in the EAF [Guezennec et al.2005].  
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From these mechanisms, 1 and 3 actually account for almost 90 % of all dust formation. 
Direct volatilization and the bursting of CO bubbles account for 27 % and 60 % of the 
dust respectively. In the same study, it was also found out that CO bubble size is a key 
parameter in dust formation. By decreasing the bubble size, the amount of dust could be 
reduced. Critical bubble diameter was found out to be 4.5 mm; under that no film drops 
were formed at bubble burst. [Guezennec et al. 2005]. It is estimated that EAF generates 
around 10-25 kg of dust per ton of production [Laforest et al.2006, Majuste et al.2008, 
Rao 2006].  
Because stainless steel making dusts have been less studied, there is not much 
information about the dust formation mechanisms in Cr- or AOD-converters. Ma et al. 
evaluate that some 3 % of all stainless steel dusts are formed in the AOD- converter, 
and that the prevailing formation mechanism is the bursting of gas bubbles during 
decarburization. Majuste et al. [Majuste et al. 2008] report that 20-30 kg of dust is 
created in the AOD per ton of stainless steel. In Cr-converters, dust is formed by the 
ejection and vaporization of metal and slag through electrode holes and by direct 
capturing of materials in the off-gas [Ma et al. 2006]. 
2.2 Chemical composition  
Most of the research has been concentrated on carbon steel making flue dusts whereas 
only few articles have been written about stainless steel flue dusts [Majuste et al. 2008, 
Laforest et al. 2006]. Carbon steelmaking flue dusts have been quite extensively 
covered in literature and it is commonly observed that they have a complex chemical 
and mineralogical structure, which depends on the steel grade, the composition of the 
charge as well as the operating conditions of the process.  
Stainless steel flue dusts have been studied much less, but they can be viewed as a sub-
category of carbon steel flue dusts, having somewhat similar composition. Differences 
are brought on by greater usage of alloying elements and higher amounts of scrap as 
raw material. Stainless steel flue dusts have typically lower zinc content but are richer in 
Cr, Mo, Ni and Mn [Nyirenda 1991]. Some typical values for flue dusts from different 





Table 1. Typical metal content (%) in different types of flue dusts [Meurer et al. 2001]. 
   
Flue dusts with low zinc content 
Flue dusts with 
high zinc content 
 
Stainless steel flue dusts 
  Blast Furnace BOF EAF EAF, AOD etc. 
Zn 0.1 - 5 1 - 10 15 - 40 2 - 4 
Fe 25 - 35 55 - 65 25 -40 25 - 40 
Cr - - - 10 - 15 
Mo - - - 1 -2 
Ni - - - 3 - 5 
Pb 0.05 - 1 0.5 – 1.5 2 - 6 0.5 - 1 
Cu 0.01 0.01 0.1 – 0.3 0.2 
 
The dusts main component is iron. Different studies report iron percentages between 15 
and 62 %, the average being somewhere near 43 % [Laforest et al. 2006].  Zinc 
percentage in EAF steel making dusts can also vary significantly; values between 2-40 
% are found in literature. In stainless steel dusts, zinc content is lower than in carbon 
steel dusts; only between 2-6 %.  
Additionally, the dusts contain elements that originate from slag. These include 
compounds of calcium, potassium, magnesium and chloride. In stainless steel dusts, 
percentages of alloying elements like chromium, nickel and molybdenum are found to 
be between 10-15 %, 3-5% and 1-2%, respectively. [Meurer et al.  2001, Nyirienda 
1991, Makkonen et al. 2010] 
2.3 Mineralogy 
Small particle size and overall complexity of the dust make precise mineralogical 
analysis challenging for typical analyzing methods XRD and SEM. The dusts are 
mainly a mixture of different metal oxides, sulfates and silicates [Sofilic et al. 2004], 
but each dust has to be examined individually to gain more exact information about its 
mineralogy.  
Mineralogical phases that have been identified in different studies are presented in 
Table 2. When a dust treatment process is being designed, it especially important to pay 
attention to the occurrence of zinc that is predominantly present as zincite (ZnO) or 
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franklinite (ZnFe2O4). The proportion of franklinite is around 50 % of the total zinc 
content [Leclerc et al. 2006]. As pointed out earlier, ZnO is easily leached, while 
franklinite is very refractory and will only dissolve in strong acids.  
Considering the valuable alloying elements, a leachability study by Laforest et al. 
[Laforest et al. 2006] reports that Cr and Ni were found to be tightly bound to iron or 
chromium oxides or spinel group minerals.  
Table 2. Possible phases present in flue dusts [Havlik et al. 2010, Ma et al. 2006, 
Makkonen et al. 2010, Nyirienda 1991]. 
Element Identified phases 
Fe Magnetite (Fe3O4), hematite (Fe2O3), zinc ferrite, chromite, 
metallic iron 
Zn Zincite (ZnO), zinc ferrite (ZnFe2O4), ZnCl2, metallic zinc 
Cr Chromite (FeCr2O4), magnesio chromite MgCr2O4, CrO, replacing 
Fe in Fe3O4 spinel 
Ni NiO, replacing Fe in Fe3O4 spinel, metallic Ni 
Mo MoO, MoO3 
Pb PbO, PbCl2, PbSO4, PbCO3 
Ca Lime (CaO), CaCO3, CaF2, may also occur as ferrite or silicate 
Si Mainly as quartz (SiO2) 
Mg Magnesioferrite (MgFe2O4), magnesiochromite (MgCr2O4), MgO 
Halides (Cl, Na, F, K) Present as salts or chlorides: NaCl, KCl, ZnCl2 
 
2.4 Particle size and morphology 
The reported mean particle size of the dusts is very small; usually less than 10 μm. 
Particles ranging from 0.1 µm to 200 µm  are found but it is estimated that 90 % of the 
particles are smaller than 100 µm. Bigger particles exist, though they are usually 
aggregates of fine particles (5-10 µm) covering larger ones [Machado et al. 2006, 
Makkonen et al. 2010,  Rao 2006, Xia et al. 2000]. According to Kemperman 
[Kemperman 2010], the tendency of the dust to agglomerate is caused by exposure to 
air moisture.  
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Makkonen et al. [Makkonen et al. 2010] have analyzed the dust that were also studied 
in this thesis and reported that minerals like Cr2O3 were many times encapsulated inside 
a glass phase. They also detected other zonal particles where interesting components 
were enriched in the inner zones of the particle. Particles in the fine fraction instead did 
not show signs of encapsulation. From a hydrometallurgical point of view this 
phenomenon is very interesting. It is possible that the surrounding material hinders the 
leaching of desired minerals.  
2.5 Problems and opportunities related to flue dusts 
Stainless steel is a material whose demand is strongly connected to the rising standard 
of living around the world. Its demand is high in industrialized countries and growing 
rapidly in rising economies, like those of China and India (Figure 4). Since the 1950`s, 
the stainless market has been growing, on average at annual rate of 6 %. Some decline 
in the market was observed due to recent economic circumstances, but an output of 30 
million tones was still estimated for the year 2010. With this level of output, the amount 
of generated dust would have been 750 000 tons [Meurer et al. 2001]. 
 
 













A few different processes are applied for producing carbon steel and stainless steel, but 
in the recent decades the Electric Arc Furnace process that has increased its share. The 
EAF process that uses a large proportion of recycled steel scrap as raw material, is 
nowadays regarded as the norm especially in stainless steel production. The proportion 
of scrap in stainless steel can technically be as high as 100 % of the charge, the global 
average being 60 %. Because of its efficiency regarding costs and energy consumption 
and as more and more steel scrap has become available to the market every year, the 
EAF process will likely continue to increase its popularity [Fujii 2005, Nakamura et al. 
2008, Reuter et al. 2005, Schumacher et al. 2007, Zunkel 2001].  
Some problems have arisen with growing production and scrap utilization rate. 
Recycled steel scrap contains other metals in addition to the main component that is 
iron. These metals can include zinc, chromium, nickel, molybdenum and lead; some of 
which are regarded as hazardous to human health and the environment. During steel 
production, they have a tendency to accumulate in the flue dusts that are generated in 
different parts of the process chain. 30-70 kg of dust is generated per ton of stainless 
steel produced, and it is estimated that stainless steel and carbon steel production 
generates a yearly amount of 1.7-2.0 Mt of EAFD in the US, Europe and Japan [Denton 
2005, Zunkel 2001].  
The high content of non-ferrous metals in the dusts becomes a problem as they make the 
dust unsuitable for direct recycling to the steel making process. Zinc is an element that 
causes most of the problems and its percentage should be reduced to 0.1 % so that dusts 
could be fed back to the EAF [Kemperman 2010, Ruetten 2010]. Halides in the dusts 
are detrimental to zinc electrolysis and make direct supply to zinc industry impossible 
[Maccagni et al. 2010]. The dusts can additionally contain chromium, lead, cadmium or 
arsenic and are therefore classified as hazardous waste. Hazardous waste has to be 
situated to a special landfill site or treated chemically to a less harmful form to prevent 
possible leaching of heavy metals to the environment. Dust´s hazardousness is normally 
evaluated based on the content of dangerous elements leached from it. In the EU, limit 
for Cr is 5 mg/l in a single sample [Environmental permit for Tornio Works], and in the 
US limits for Cr and Pb are both 5 mg/l [Laforest et al. 2006]. Stainless steel dusts 
usually exceed these limits and are also mentioned by the ministry of environmental 
affairs in Finland in a list of hazardous solid waste [Article 1129/2001]. The Finnish 
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legislation states that material that is to be landfilled to sites of relatively harmless waste 
cannot exceed the limits in Table 3.  
Table 3. Limit values that are applied at finnish landfill sites [Article 331/31]. 
Element Permanent site Normal site 
 Limit with L/S 10, mg/kg Limit with L/S 10, mg/kg 
As 0.5 2 
Ba 20 100 
Cd 0.04 1 
Cr tot 0,5 10 
Cu 2 50 
Hg 0.01 0.2 
Mo 0.5 10 
Ni 0.4 10 
Pb 0.5 10 
Sb 0.06 0.7 
Se 0.1 0.5 
Zn 4 50 
Chlorides 800 15 000 
Fluorides 10 150 
Sulphates 1 000 20 000 
Total Dissolved Solids 4 000 60 000 
 
Viewing stainless steel flue dusts merely as waste is not a good approach. Steel 
companies around the world have recognized new reuse possibilities and the dusts 
potential as raw material. At the moment, some 6 % of zinc industry´s raw material is 
comings from flue dusts. When it is also noted that stainless steel dusts can contain 
valuable metals like nickel and molybdenum, and that landfilling is becoming more 
costly and regulated, the recycling becomes economically worthwhile. The 
competitiveness of a recycling process depends on the prices of alternative treatment 
methods and landfilling costs as well as the prices of recycled compounds. When 
landfilling is cheap there is no economic incentive for dust treatment. Recent tightening 
in waste legislation has created more pressure to investigate treatment methods for the 
future. Also, the fluctuations in alloying element prices and increasing demand of zinc 
by the galvanizing industry have made recycling more interesting. Molybdenum and 
nickel prices in January 2013, for example, fluctuated between 25 300-26 500 $/ton and 
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17 145-18 375 $/ton, respectively. The three month average price for zinc in the London 
Metals Exchange in January 2013 was 2 058.09 $/ton [London Metals Exchange]. It is 
estimated that concentrated zinc oxide could be sold for 70 % of the LME price of zinc, 
and other recycled metal alloys for 50 % of their LME prices [Antrekowitsch et al. 





3 DUST TREATMENT PROCESSES 
Some of the most important treatment processes that are used for removing zinc from 
the flue dusts are described and compared with each other in this chapter. 
Pyrometallurgical processes are introduced only superficially, while hydrometallurgical 
processes are described in more depth. In the end of the chapter, requirements for a 
viable treatment process are discussed. 
3.1 Introduction to dust recycling processes 
Steel making flue dusts can be treated either pyrometallurgicaly, hydrometallurgicaly or 
by using a hybrid process that consists of both pyrometallurgical and hydrometallurgical 
process steps. An ideal treatment process would separate valuable elements from the 
part that has no re-use potential, and would create only small amounts of waste material 
in a non-hazardous form.   
A few of the treatment processes that have been tested or operate either commercially or 
on pilot plant scale are presented in Figure 5. Some of them produce high grade metallic 
zinc as the end-product while others produce an intermediate compound that can be 
used as raw material in zinc production. The majority of all commercialized treatment 
processes are pyrometallurgical, and the Waelz kiln for example is used worldwide in 
treating approximately 80 % of all EAF dusts [Ruetten 2010].  From hydrometallurgical 
processes, only the EZINEX process has reached commercialization but research on the 





Figure 5. Comercialized and pilot plant treatment processes [Nakamura et al. 2008]. 
 
3.2 Pyrometallurgical processes 
In pyrometallurgical processes, flue dusts are treated in a reducing atmosphere at high 
temperature, where zinc ferrites and zinc oxides are reduced, vaporized and oxidized 
back when the temperature in the off-gas system drops. A part from non-ferrous heavy 
metals, halogens (Cl, F) and alkalis (Na, K) are volatilized and also end up in the dust. 
Generally, it can be said that with pyrometallurgical processes, it is possible to recover 
zinc and lead as oxides and produce an environmentally neutral slag. On the other hand, 
these processes are energy intensive and require an off-gas cleaning system. 
Pyrometallurgical processes also need large amounts, minimum being close to 50 000 
ton of high zinc-containing (2-18 %) raw material as feed in order to operate efficiently 
[Nyirenda 1991]. Economically speaking they are large investments and bind lots of 
operating capital. Pyrometallurgical processes for stainless steel dust treatment are well 
established and working. Until now the high energy consumption and operating costs 
have been canceled by the high value of end products [Meurer et al. 2001]. 
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Waelz kiln, or the rotary kiln, is traditional and the most used process for treating flue 
dusts. Worldwide, around 80 % of EAFD is treated with the Waelz process and it is 
considered Best Available Technique (BAT) for treating carbon steel flue dusts [Meurer 
et al. 2001, Industrial Emissions Directive 2010/75/EU]. Other pyrometallurgical 
processes that are used on industrial scale include plasma reactor and flame reactor 
processes. One of the most modern plasma based processes is the PLASMADUST 
process that is, in fact, used in treating part of the dusts from Outokumpu´s Tornio 
Works, where the dust that were studied in this thesis originate from. The plasma 
process utilizes plasma gas to supply heat for reduction reactions and coke for reducing 
agent. The process takes place in a water-cooled shaft furnace at 4000-5000 °C. High 
temperatures enable reduction of iron, nickel, molybdenum and chromium with good 
yields (Fe, Ni, Mo 90-98% and Cr 80-95 %). The PLASMADUST process produces 
100-200 kg of dust per 1000 kg of treated dust [Herlizt 1981, Meurer et al. 2001].  
3.3 Hydrometallurgical processes 
In hydrometallurgical processes, flue dusts are leached in a liquid medium. Processes 
aim at dissolving wanted metals from the dusts to the leachate, while undesired 
elements should remain in the residue. The pregnant leachate is purified from unwanted 
elements using precipitation, ion exchange or solvent extraction methods. Subsequently, 
the desired metal can be produced in a metallic form or as a salt by electrolysis or 
crystallization from the purified solution. The residue, which in the case of stainless 
steel dusts consists mainly of iron, is finally recycled back to the steel making process, 
landfilled or sold as by-product.  
Zinc percentage in EAF steel making dusts can vary a lot; values from 2-40 % are found 
in literature [Meurer et al. 2001, Nyirenda 1991]. In stainless steel dusts, the percentage 
is less than in carbon steel dusts, only around 2-6 % [Nyirenda 1991], which is quite 
low regarding treatment by the pyrometallurgical route. Hydrometallurgy offers 
efficient processing alternatives for low-zinc dusts and can additionally treat smaller 
amounts of dust making it a suitable option for on-site dust treatment, especially in 
stainless steel production. Small scale on-site treatment of low-zinc containing dusts is 
thought to be the most economic and environmentally sound option, as treatment and 
transport costs are minimized [Nakamura et al. 2008]. The investment in the process 
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and the costs of running it are less than in pyrometallurgical treatment processes. A 
hydrometallurgical process is also more selective, meaning that different elements can 
be separated from the dust in different parts of the process. Hydrometallurgical 
processes can be divided into acid and alkaline, H2SO4 being the most commonly used 
acid, and NaOH (caustic soda) the most common alkali. Other usable leaching agents 
include HCl, HNO3, (NH4)2CO3 and acetic acid [Jha et al. 2001].  
3.3.1 Acid leaching 
Zinc oxides can be completely leached from stainless steel flue dusts by acid leaching at 
room temperature and atmospheric pressure. Moreover, hot acids are able to dissolve 
zinc oxide as well as refractory zinc ferrite [Arslan et al. 2003, Caravaca et al. 1994]. 
Leaching is not selective and because zinc ferrites are also dissolved, a later process 
step for iron removal is needed. The leachate can be purified from iron and other 
impurities such as Cd or Pb by different solution purification methods. Zinc metal can 
be produced from the purified leachate by electrowinning, or alternatively, zinc salt can 
be produced by crystallization [Jha et al. 2001].  
Various acid leaching processes have been tested in pilot plants. The Modified Zincex 
process for instance consisted of leaching in dilute sulfuric acid followed by solvent 
extraction to produce an electrolyte for zinc electrolysis [Jha et al. 2001, Rao 2006]. 
The Cashman process used sulfuric acid and elevated pressure to leach zinc from 
arsenic containing raw material [Rao 2006, Xia et al. 2000].  
Sulfuric acid is one of the most common acids that have been investigated in dust 
recycling. It is preferred because of its familiarity as well as low cost and availability. 
Other favorable properties of sulfuric acid include very low volatility and high chemical 





3.3.2 Alkaline leaching 
Alkaline solutions can dissolve zinc selectively to iron, which means that only zinc 
oxide is leached and zinc ferrite will remain insoluble. This way, part of the zinc is lost 
in the process but an additional iron removal step can be avoided. The process can be 
advantageous in some cases, but it depends on the dust mineralogy.  The amount of zinc 
that can be recovered with alkaline leaching depends on how much of zinc is bound to 
zinc oxides. The process yield can be remarkably enhanced if the dust is pre-treated 
pyrometallurgically so that zinc ferrites are reduced to zinc oxides. This way almost 100 
% of total zinc can be recovered.  
The only hydrometallurgical treatment process that is really operating in a commercial 
scale is the EZINEXprocess, which is based on alkaline leaching. In the process, 
ammonium chloride is used to solubilize zinc oxides at 70-80 ˚C temperature. The 
solution is then purified from cadmium and lead using cementation, and after that zinc 
can be extracted from the solution with electrolysis. [Jha et al. 2001].  
Other common alkaline solution used in dust treatment is sodium hydroxide or caustic 
soda. It can selectively leach zinc oxides and leave iron to the residue. Caustic leaching 
has been tested on semi-pilot plant scale in the 1980´s. The Cebedeau process used 
concentrated (6-12 M) NaOH at 95 ˚C for 1-2 hours leaching. The process produced 
fine powder with 20 % zinc content but was eventually abandoned because of problems 
in the filtration stage [Jha et al. 2001]. Caustic leaching has been studied in METDUST 
project by Stefanova et al. [Stefanova et al. 2012 & 2013].  
3.4 Requirements for a treatment process 
Steelmaking flue dusts exist in various forms and the ideal treatment process depends 
mainly on the mineralogy of the dusts and each case has to be evaluated independently. 
Important factors to consider include the dust´s zinc content, the ratio of zinc oxide to 




There are some basic requirements for any hydrometallurgical treatment process that are 
widely known and referred to in literature and research papers [Heikkinen 2012, 
Kemperman 2010, Stefanova et al. 2012]:  
- Desired metallic compounds have to be soluble in the leachate 
- Metal recovery from leachate has to be economic 
- Impurities have to be separable  
- Leachate has to be easily regenerated and recycled 
- Leachate cannot cause corrosion in the reactor 
- Hazardousness of materials and products have to be minimized  
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4 THEORETICAL ASPECTS 
This chapter deals with theoretical aspects that are relevant in different steps of the 
process. Important hydrometallurgical principles and their application in the 
experimental part of this thesis are outlined here. 
4.1 Water washing 
Water washing is designed to leach out chlorides that are predominantly present as 
water-soluble halides, potassium chloride (KCl) and sodium chloride (NaCl). Presence 
of species like lead chloride and zinc chloride that are insoluble in water is also 
possible.  
The effect of leaching parameters has been investigated previously in several research 
papers [Bruckard et al. 2005, Caravaca et al. 1994, Chen et al. 2011, Kemperman 2010, 
Xia et al. 2000]. Bruckard et al. for example report removal efficiencies of 90-99 % for 
Cl and K, 50 % for Na and 10 % for Ca at ambient temperature. The study also 
indicates that halide leaching is complete between 30-60 min from the beginning of 
washing. Reported extraction efficiencies and the progression of leaching can be seen in 
Figure 6. They used L/S 3, but the L/S ratio has not been found to have a major effect 
on washing efficiency [Caravaca et al. 1994, Chen et al. 2011, Xia et al. 2000].  
 
Figure 6. Extraction of elements in water washing at pH 12 and 25 °C reported by 
Buckard et al. [Bruckard et al. 2005]. 
22 
 
4.2 Sulfuric acid leaching 
Dissolution of zinc oxide and zinc ferrite in sulfuric acid takes place according to 
reactions (1) and (2): 
 
ZnO (s)  +  H2SO4 (aq)   →   ZnSO4 (aq)  +  H2O (l)     (1) 
ZnFe2O4 (s)  +  4H2SO4 (aq)   →  ZnSO4  +  Fe2(SO4)3 (aq)  +  4H2O (l)  (2) 
 
The dissolution of zinc and iron is dependent on the leaching conditions (i.e. potential 
and pH). Equilibrium areas for different zinc and iron species can be seen in E-pH –
diagrams of the Fe-S-Zn-H2O system at 25 °C and 100 °C (Figure 7 and Figure 8). 
 
 




Figure 8. E-pH –diagram of Fe-S-Zn-H2O system at 100 °C [Havlik et al. 2006]. 
 
Experiments dealing with sulfuric acid leaching usually reached high zinc removal 
rates. Most of the experiments were done using 0.1-1.5 M sulfuric acid and the highest 
tested acid concentration was 3.5 M [Reyad 2010]. Dilute acid can only leach zinc 
oxides, so yield were lower than when more concentrated acid was used. With 
concentrated acids, zinc ferrites are also leached but selective leaching of zinc is 
hindered.  
According to Langova et al. [Langova et al. 2007], almost 100 % zinc extraction can be 
achieved with 3 M sulfuric acid leaching after 6 hours with liquid/solid ratio 5 at 80 °C. 
In those conditions, some 90 % of iron was also leached. When a diluted (0.1-0.3 M) 
acid was used, less zinc was extracted  than with concentrated acid, but more selectively 
to iron: some 30 % of zinc was leached while the zinc/iron ratio was reported to be 9.  
Kekki et al. [Kekki et al. 2012] have previously studied the same kind of dusts that 
were used in this thesis. They tested the effect of leaching parameters (pH, acid 
concentration, temperature and L/S ratio) on maximum and selective leaching of zinc in 
a similar experiment set up. They report that maximum leaching (65-100 %) was 
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achieved with 1.5 M sulfuric acid, 90 ˚C and L/S ratio 10. Best selectivity regarding Fe, 
Cr, Ni and Mo was found with 0.5 M acid, 30 ˚C and L/S 10.  33-72 % of zinc was 
leached with the previous parameters.  
Referring to previous studies [Caravaca et al. 1994, Cruelles et al. 1992, Havlik et al. 
2006, Herrero et al. 2010, Kekki et al. 2012 & 2011, Kelebek et al. 2004. Langova et al. 
2007, Majuste et al. 2008 & 2009, Oustadakis et al. 2010], it is widely observed that 
that by increasing temperature, acid concentration and L/S ratio, higher zinc extraction 
can be reached and leaching will be faster. Some of the reported results are presented in 
Table 4. 
Due to the alkalinity of the flue dusts, the leaching reaction in acid is highly exothermic 
[Kelebek et al. 2004] and as the dust dissolves, the pH of the solution will rise. pH 
control is needed in order to keep the system in an area where zinc species are soluble. 
If the pH rises too high leached zinc will start to precipitate back and extraction will be 
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4.3   Subsequent processing for zinc recovery 
Leachates from dust treatment contain impurities that have leached simultaneously with 
zinc. Before the leachates can be used in zinc production they have to be purified from 
possible traces of iron, lead, cadmium and nickel, for instance. Several different 
methods are used in removing these impurities from the leachates. The process of 
separating the impurities from the liquid phase by precipitation and filtration is one of 
the most challenging unit processes in hydrometallurgy.  
Different impurities are typically removed separately in order to gain a product of 
higher purity and value [Herrero et al. 2010, Zunkel 2001]. Concentration limits for 
impurities in electrolytic feedstock are presented in Table 5. 
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Table 5. Concentration limits for impurities in electrolytic feedstock [Herrero et al. 
2010]. 








Iron is the most predominant impurity and can be removed from the solution by one of 
the four processes: goethite process, hematite process, jarosite process or magnetite 
process. The first three are used on industrial scale in electrolytic zinc production. 
[Arslan et al. 2003, Burkin 2001 p.130]. Regarding operation pH and temperature, the 
goethite process works in the mildest conditions. A schematic picture of the goethite 
process is shown in Figure 9. The process operates at atmospheric pressure, 80-90 °C 
temperature, pH range 2-4 and maximum iron concentration of 1 g/L. The pH is already 
in suitable are for treating acid solutions. 
  
 
Figure 9. Goethite process flow sheet (Heikkinen 2012). 
In the process, oxidizing agents are applied to oxidize Fe(II) into Fe(III) that precipitates 
at more favorable pH area (< pH 2.2) in acid leaching [Herrero et al. 2010, Langova et 
al. 2007, Aromaa 1990]. After oxidization, the pH of the solution is adjusted to an area 









     (3) 
 
Iron percipitates as goethite (α-FeOOH), akagenite (β-FeOOH), lepidicrocite (γ-
FeOOH) or hematite (Fe2O3) together with amorphous phases [Burkin 2001 p.130, 
Langova et al. 2007]. The iron compounds are can be recovered by recycling the 
precipitate back to steel making process. For this to be possible, the precipitate should 
contain less than 1 % zinc [Jha et al. 2001].  
Iron removal in the Goethite process is based on the fact that metallic hydroxides 
precipitate in a very narrow pH area [Aromaa 1990]. Hydroxide precipitation can be 





 + n OH
-
   →   Me(OH)n    (4) 
 
As an alternative to hydroxide precipitation, the desired metals can be removed as 
sulfides according to reaction (5). Sulfide precipitation is used, for instance, in the 




 + H2S    →    MeS + 2H
+
    (5) 
 
Other undesired species such, as Pb or Cd, can be removed by cementation that takes 




   →   Zn2+ + Me     (6)  
 
The same method can also be used to remove valuable alloying elements Ni and Mo. In 
practice, cementation is done by adding zinc powder to the solution where it causes the 
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reduction of desired metallic ions. To reduce the ion to metallic state the potential has to 
be set below the line of thermodynamic equilibrium between the metal and its ion. 
Stability areas of different metallic ions can be determined from E-pH diagrams. 
Elements can additionally be removed from solution by adjusting temperature so that 
their solubility is minimized. The excess will then crystallize and can be removed by 
filtering. Same can be achieved if the solution is evaporated. After purification steps, the 
leachates can be used in zinc production that is often done using electrolysis. Nickel is 





5 RAW MATERIAL DESCRIPTION 
Characteristics of the flue dusts that were studied in this thesis are described in this 
chapter. Chemical and mineralogical composition and particle size distribution 
described in general and separately considering all five dust samples. 
5.1 General observations 
The five dust samples came from Outokumpu´s Tornio Works stainless steel plant in 
Northern Finland. The samples were taken from different parts of the process in 2009 
and have been analyzed in Oulu University´s CIRU center as well as in Technical 
University of Oulu [Makkonen et al. 2010] and Technical University of Kosice in 
Slovakia [Havlik et al. 2010] to attain knowledge of their chemical composition, 
mineralogy and general characteristics. Additional chemical analyses were done in a 
private laboratory in Espoo [Labtium Oy]. Generally, all samples had a very complex 
chemical and mineralogical composition. This heterogeneity together with the sample´s 
small particle size made definite analysis challenging in many cases and should be kept 
in mind while interpreting the results. The samples were marked with following 
abbreviations that are be used in this thesis (Table 6): 
Table 6. Sample ID and origin. 
Sample ID Origin of sample 
CRK1 Chrome converter 
VKU1 Electric arc furnace, line 1 
VKU2 Electric arc furnace, line 2 
AOD1 Argon oxygen decarburization converter, line 1 
AOD2 Argon oxygen decarburization converter, line 2 
 
Mineralogical analysis was done in Oulu using XRD (x-ray diffractiometer), light 
microscope and SEM (scanning electron microscope) and EPMA (electron probe micro 
analyzer).  With XRD it could be detected that chromite was an important phase in all 
samples. Other phases were difficult to identify with 100 % certainty because of 
overlapping spikes and data lacking from XRD library. The XRD is also incapable of 
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identifying phases that have a concentration less than 1 % or amorphic phases such as 
glass. Typical mineralogical phases that have been identified in different studies were 
presented in Table 2. 
Grain size distribution was measured using a series of sieves as well as Coulter-analysis 
(Beckman Coulter LS 13 320 type). Sieving only worked for CRK while the sieves 
were blocked by other samples. The blocking was explained by fine particles congesting 
the holes in the sieve. Grain size distribution curves show that particles over 30 μm 
wouldn’t exist in large amounts even though their presence was observed with a 
microscope. This difference might be explained by the small samples that were used in 
Coulter analysis. Bigger particles might not have been present in the sample or they 
might have sunk rapidly and therefore not detected by the analyzer. Detailed analyses of 
the samples particle size distribution are found in Appendices 1-10. 
The microstructure of all samples consisted of bigger particles that were surrounded by 
finer material. Bigger particles were found out to be very different in shape, ranging 
from spherical to angular and to porous. They consisted often from grains of one or 
more phases that were enclosed in a glass phase. The finer particles were mainly 5-10 
μm but the smallest grains had a diameter well below 1 μm. The smallest particles were 
almost invisible in SEM and their microstructure is left partly unclear [Makkonen et al. 
2010]. Microscopic views of the fine fraction are shown in Figure 10. 
 
 
Figure 10. Microscopic views of the fine fraction [Makkonen et al. 2010].   
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All dust samples contained iron as principal element, mostly as different oxides.  
Depending on the process as well as raw material and additives, other elements were 
present in variable amounts. Zinc, which is of particular interest, originated from scrap 
and is present mainly as zinc oxide and zinc ferrite (ZnFe2O4). Calcium, potassium, 
magnesium and halides come from slag and fluxes, whereas nickel, chromium, 
molybdenum and manganese are used as alloying elements in stainless steel production. 
Additionally, small amounts of other elements were found but their percentage was 
negligibly small. Chemical compositions of dust samples are presented in Table 7. 
Analysis were done by Labtium Oy using ICP-OES method.  
Table 7. Samples chemical compositions and estimated standard deviations. 
 CRK VKU1 VKU2 AOD1 AOD2 
 mg/kg SD % mg/kg SD % mg/kg SD % mg/kg SD % mg/kg SD % 
Ca 175000 9 106340 4 136000 4 48270 6 152340 5 
Cl 388 - 734 - 10600 - 644 - 531 - 
Cr 140000 - 96000 - 102000 - 97400 - 97900 - 
Fe 156000 43 194670 17 170670 16 351000 9 233340 12 
K 2250 68 12770 5 13740 2 8320 10 8140 6 
Mg 68200 6 24070 11 11350 22 12240 4 24370 3 
Mn 2570 52 28170 16 23500 27 22600 20 25100 31 
Mo 160 89 240 3 1350 5 280 14 13500 4 
Ni 820 27 12200 25 21140 21 5900 19 27340 12 
Zn 72100 5 73370 9 47840 21 99670 7 44370 8 
 
Zinc, nickel, molybdenum and chromium were of special interest in this thesis. It can be 
seen from the table above and was also observed by Makkonen [Makkonen et al. 2010] 
that: 
i. CRK has the highest content of chromium oxide 
ii. Highest contents of NiO were found from VKU2 and AOD2 
iii. Highest zinc contents were found from CRK, VKU1 and AOD1 
iv. AOD2 had the highest MoO content 
32 
 
5.2 CRK dust 
Spherical particles consisting of two different phases were identified as well as phases 
that contained Fe-Cr and Mg-Cr enclosed inside a glass phase. Fe-Cr particles that were 
not enclosed were also found and Si was present in these structures.  
Detected angular particles consisted of Fe-Si and Si phases. Some of the low-chromium 
structures next to chromite had NiO content between 2-10 %. Particles with iron oxides 
and low in Cr2O3, ZnO, NiO and MoO3 were observed. Some particles that resembled 
slag contained spinel and magnesio-chromite-spinel-series and had a higher Cr content 
(32 %). Some spherical particles with elevated Cr % were detected as well as particles 
that maybe consisted of calcite and fluorite. 
The fine fraction of particles contained Cr2O3 and ZnO surrounded by other phases that 
could be rich in MgO, SiO2 or CaO. Grains that were rich in Cr or Zn were almost 
always surrounded by pores and there was no capsuling phenomenon like in the case of 
larger particles. The fine fraction had the highest ZnO concentration. [Makkonen et al. 
2010]  
  
Figure 11. 63 x magnification of dust sample [Havlik et al. 2010].   
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5.3 VKU1 dust 
The dust sample contained yellow angular and spherical particles of heterogenic 
consistency. The phases consisted of mainly iron and chromium together with small 
amounts of silicon. In this sample all chromite-like phases were labeled as magnesio 
chromite, unlike in the case of CRK which contained also actual chromite. The 
magnesio chromite in this dust is present enclosed in a glass phase. The chromite phase 
has over 40 % Cr2O3 content and ZnO content of 5-8 %. In the surrounding glass phase 
the ZnO percentage is around 4%. Cr-Fe-oxide crystals with varying amounts of NiO 
(0-4 %) and ZnO (0.3-8 %) were found to be present. Particles that probably originated 
from slag contain metal droplets, silicates and spinel group oxides. The spinel grains are 
rather rich in Cr2O3 (~20 %). MgO was also indentified. 
The fine fraction of VKU1 had such a small particle size that SEM resolution was not 
sufficient so the analysis has been affected by surrounding coarser particles.  What 
could be observed from the fine fraction was that it contained small amounts of SiO2, 
CaO, MgO, MnO and Na2O. Some grains in the fine fraction had relatively high 
percentages of Cr2O3 (2-38 %) and ZnO (2-23%). NiO was found present mostly below 
1 %. [Makkonen et al. 2010] 
 
Figure 12. 63 x magnification of dust sample [Havlik et al. 2010].   
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5.4 VKU2 dust 
Yellow angular and spherical particles similar to those in VKU1 were detected. 
Magnesio chromite was found to be enclosed in a glass phase and had higher Cr2O3 
content (50-60 %) than the surrounding glass. NiO and ZnO were detected, highest 2 % 
in some grains. Some 15 % Al2O3 was also present in the glass. Some particles that had 
a zinc oxide percentage as high as almost 70 % were found.  
Particles that originated from slag contained metallic droplets, silicates, oxide spinel and 
magnesio chromite inside them. Metal droplets consisted of Fe (61 %), Cr (10 %) and 
Ni (2 %). Cr2O3 content in the spinel was 19 % and 67 % in the magnesio chromite.  
Fine fraction was again too small for an accurate SEM analysis. Still it could be 
observed that same kind of capsuling phenomenon as for larger particles didn’t exist. 
This was also observed with CRK fine fraction. According to SEM, the fine fraction 
consisted mainly of FeO, Cr2O3, CaO, SiO2 and ZnO. ZnO content in some samples was 
observed to be as high as 18 %. [Makkonen et al. 2010]  
 
Figure 13. 63 x magnification of dust sample [Havlik et al. 2010].   
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5.5 AOD1 dust 
The sample contained angular particles that consisted of two phases. One of the phases 
was yellow and the other bluish. The yellow phase contained iron and silicon that refers 
to ferrosilicon, whereas the blue phase contained mainly silicon. Spherical yellow 
particles that were sometimes agglomerated and sometimes homogenous were detected. 
They consisted mostly of Fe and Cr, but had around 2-3 % Ni. Chromite and magnesio 
chromite were found enclosed in a glass phase. Magnesio chromite was high in Cr2O3 
(72-74 %). The surrounding glass phase contained 2-10 % Cr2O3. Cr2O3 phases had 
varying Cr2O3 and FeO content. NiO content was little bit over 1 % in the glass phase 
and zinc oxide content was lower than 6 %. Porous particles that had partly high ZnO 
percentage (some 16 %) were detected. They contained also Cr2O3, MgO, FeO and 
CaO. Slag particles with metallic droplets (Fe), silicate glass and oxide chomite and Cr-
Fe oxide were found. Chromite phase had about 68 % Cr2O3 and zinc content was 5 % 
the highest. Some single grains whose composition is similar to periclase (MgO) and 
fosterite (MgO and SiO2) were found as well as a round particle that was possibly 
fluorite (Ca and F). 
Fine fraction was again too small for an accurate SEM analysis. According to 
microanalysis it contained MgO, CaO, SiO, Cr2O3, MnO, FeO and ZnO. In some cases 
the ZnO content was as high as 13.9 %, but mostly around 1 %. [Makkonen et al. 2010]  
 
 
Figure 14. 63 x magnification of dust sample [Havlik et al. 2010].   
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5.6 AOD2 dust 
The sample contained round and angular particles that often consisted of two different 
phases. Round particles were found out to be yellow and blue whereas angular particles 
were yellow-brown and blue. Both phases in the round particles contained iron and 
silicon, as did the yellow brown phase in the angular particles. The blue phase in the 
angular particles contained mainly (~93 %) silicon. Fine grains that surrounded bigger 
ones contained chromium, iron and silicon. Amounts of iron and chromium varied 
between 0.1-39 % and 16-67 %, respectively. Some of the particles contained also 
nickel (4-9 %). A mineral resembling chromite was found in shredded particles together 
with Cr-Fe oxide and glass. In addition to chromite, the dust contained magnesio 
chromite that was encapsulated in a glass phase as well as particles originating from 
slag that contained metal (Fe or Ni), glass and Cr oxide. As an exception to the other 
dusts, this dust contained phases that were rich in molybdenum (14-86 % MoO3). 
Individual grains of probably wustite (FeO) and quartz or tridymite (SiO2) were also 
observed. 
Fine fraction was again too small for an accurate SEM analysis. Microanalysis revealed 
that MgO, SiO2, CaO, Cr2O3, MnO, FeO, NiO and ZnO were present. ZnO content 
varied from 0.5 to 13.5 %. [Makkonen et al. 2010] 
 
Figure 15. 63 x magnification of dust sample [Havlik et al. 2010].   
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6 EXPERIMENTAL METHODS 
The process that was tested in thesis consisted of three steps. Each step was designed so 
that different elements could be leached out separately. The methods and the apparatus 
that were used are described in this chapter. 
6.1 Water washing  
Experiments were started with preliminary water washing tests so that ideal washing 
conditions could be established. The tests were carried out only for two samples, CRK 
and VKU1, and washing was studied at room temperature, at 50 °C and at 80 °C. Both 
samples were first dried for 24 h at 105 °C and then mixed with distilled water in a 
decanter glass that was placed on a heater disk. The decided liquid to solid ratio was 5; 
in this test 250 ml of water to 50 g dust. After mixing water with dust, stirring at 600 
rpm was started using a magnetic stirrer. Temperature, pH and conductivity of the slurry 
were measured with VWR Phenomenal 111, first after 2 minutes and then every 10 
minutes until the end of the test at 60 minutes. After 60 minutes of mixing, the slurry 
was filtered and the filter cake was dried at 105 °C for 24 hours. Samples were taken 
from each wash and the leachate and the dried filter cake were sent to analysis.  
Based on preliminary tests and other research [Bruckard et al. 2005, Kemperman 2010], 
the actual water washing was decided to be done at room temperature (23 °C) and 
according to the previous procedure. The only difference was that larger amounts of 
dust were washed (i.e. 2500 ml / 500 g dust). 
6.2 Leaching  
Optimal leaching conditions (L/S-ratio, pH, temperature, agitation) and different 
sulfuric acid concentrations have been investigated in connection with the METDUST 
project and the conditions that were chosen to be tested in this thesis are based on that 




6.2.1 First leaching step 
Solid residue from water washing was treated further in this process step. 150 g of 
washed dust was leached with 750 ml 0.5 M sulfuric acid, keeping L/S 5 as previously. 
Leaching was carried out in a 1000 ml batch reactor (Figure 16), whose temperature 
was controlled using a heated water bath. Acid was first added and dust was introduced 
when the temperature in the reactor reached 90 °C. After adding the dust, mixing with a 
mechanical stirred at 300 rpm was started. The pH of the slurry was measured with a 
Lange sc100 Universal Controller and kept below pH 4.5 with a connected 
NaOH/H2SO4 -pumping system. Duration of the first leaching was 15 minutes, after 
which the slurry was poured out of the reactor and filtered with a double filter paper 
(type: Munktell, quality 00M) for 12 hours. The filter cake was then dried at 105 °C for 
24 hours. Samples of the filter cake and the leachate were taken and sent to analysis. 
6.2.2 Second leaching step 
The second leaching was done with the same apparatus as the first leaching. 200 ml of 
acid was heated to 90 °C and mixed with 40 g of dust from the first leaching step. Two 
different acid concentrations, 2 M and 6 M, were used. Samples were taken with 
simultaneous measuring of pH (VWR Phenomenal 111) at 10, 60, 120 and 240 minutes. 
Before taking the samples (~20 ml), stirring (300 rpm) was turned off for 30 seconds so 
that the solid part of the slurry would sink to the bottom and a clearer liquid sample 
could obtained. Samples were then filtered using a double filter paper. The final sample 
at 240 minutes consisted of the whole remaining slurry and was suction-filtered. 





Figure 16. Cell reactor with appliances. 1= mechanical stirrer, 2 = opening for 





7 RESULTS  
Results from the experiments are presented in this chapter. Zinc removal is discussed 
first followed by an overview in extraction of other elements during the process. 
Finally, the compositions of solid residues from different process steps are presented. 
7.1 Zinc removal during the process 
The main objective of the thesis was to remove as much of the zinc in the dusts as 
possible by a three stage leaching process. The first step was designed to remove only 
halides with a simple water washing procedure. Water washing was followed by two 
leaching steps. The first leaching was done using 0.5 M sulfuric acid and the second 
leaching was done using either 2 M or 6 M sulfuric acid. All samples went through both 
process options.  
Zinc removal was assessed by monitoring Zn concentrations in the solid phase after 
each process step.  Figures 18 and 19 depict the change in the dusts Zn concentration as 
the sample went through the process. Figure 17 shows results when the second leaching 
was carried out in 2 M acid and Figure 18 when it was done in 6 M acid respectively. 
As the recovery of zinc is done from the liquid phase, concentrations in leachates from 
each process step are presented in Table 8. 
With 2 M sulfuric acid, zinc was leached: CRK 62 %, VKU1 58 %, VKU2 50 %, 
AOD1 61 % and AOD2 59 %. With 6 M acid the corresponding values were 58 %, 47 
%, 43 %, 58 % and 44 %. 
Table 8.  Zinc concentrations (mg/l) in leachates from each process step.  
  Water washing First leaching Second leaching_2 M Second leaching_6 M 
CRK 4.0 0.6 20660 14140 
VKU1 4.3 3770 24900 13130 
VKU2 2.7 1310 11070 9910 
AOD1 5.2 11100 13330 17600 




Figure 17. Zinc concentrations (mg/kg) in original samples and in solid residues after 
each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 18. Zinc concentrations (mg/kg) in original samples and in solid residues after 











































7.2 Extraction of other elements during the process 
7.2.1 Preliminary water washing tests 
Preliminary water washing tests predicted that 60 minutes water washing could reduce 
chlorides by 80-90 % , potassium by 30-60 % and calcium by 3-10 % (Figures 19 and 
20). During preliminary tests, a decrease in pH with time was observed for both samples 
at all temperatures (Figure 21). Solution conductivities instead showed no remarkable 
change (Figure 22). Halide extraction was not found to be dependent on the temperature 
so the actual water washing was decided to be done at ambient temperature (23 °C). 
Solid samples were analyzed using agua regia and ICP-OES technique. Liquid samples 
were also analyzed with ICP-OES. 
 
Figure 19. Extraction efficiencies (%) in preliminary water washing tests for CRK. 
 

























Figure 21. pH during preliminary 60 minute water washing tests at different 
temperatures for both samples (CRK and VKU1). RT = room temperature 23 °C. 
 
 
Figure 22. Conductivity during preliminary 60 minute water washing tests at different 











































7.2.2 Water washing 
Water washing was carried out in distilled water at ambient temperature (23 °C). 500 g 
of dust was mixed with 2500 ml distilled water (L/S 5) in a decanter and stirred at 600 
rpm in a decanter glass for 60 minutes. After washing the slurry was filtered and dried. 
Extraction efficiencies for elements in this process step are depicted by Figure 23. 
Highest removal rates were observed for Cl, K, Ca and Mo. Percentages were 
determined by comparing the amounts of elements present in the leachate to the 
amounts in the solid sample before water washing. Concentrations of elements in 
leachates from this process step are presented in Table 9. Solid samples were analyzed 


























Table 9. Concentration of elements (mg/l) in leachates from water washing. Error 
estimate ±11 %.  
  CRK VKU1 VKU2 AOD1 AOD2 
Cl 80 1490 2020 120 110 
Ca 1090 1610 1490 1110 1350 
Cd  -  -  -  - 0.01 
Cr 16 150 200 210 150 
Fe 0.10 0.14  - 0.23  - 
K 100 1730 1550 1250 1350 
Mo 0.17 20.0 52 20.0 1000 
Ni  -  -  -  - 0.05 
Pb 0.12 0.48  -  -  - 
S 35 790 390  - 180 
Zn 4.0 4.30 2.70 5.20 7.50 
F 1.50 1490 3.80 7.70 5.10 
 
 
7.2.3 First leaching 
Leaching was carried out with 0.5 M sulfuric acid in a 1000 ml batch reactor at 90 ˚C, 
15 min and L/S 5. pH in the reactor was controlled with a H2SO4/NaOH - pump and set 
to pH 4.5.Extraction efficiencies for different elements in this process step are shown in 
Figure 24. Percentages are determined by comparing the amounts of elements present in 
the leachate to the amounts in the solid sample before water washing. Concentrations of 
elements in leachates from this process step are presented in Table 10. Solid samples 
were analyzed using sodiumperoxide and ICP-OES technique. Liquid samples were also 





Figure 24. Extraction efficiencies (%) in first leaching. 
 
Table 10. Concentration of elements (mg/l) in leachates from first leaching. Error 
estimate ±11 %.  
  CRK VKU1 VKU2 AOD1 AOD2 
Cl 35.0 100 200 27,0 21.0 
Ca 460 480 490 460 520 
Cd  - 37.0 130 0,40 0,20 
Cr 16.0 4,80 16.0 95.0 0,30 
Fe 0,10 0,30 0,20 900 46.0 
K 84.0 490 640 320 220 
Mg 3860 1710 430 1770 2420 
Mn 1,90 720 460 1020 390 
Mo 1,20 0,20 0,30 0,12 25.0 
Ni 0,01 110 120 66.0 78.0 
Pb  -  -  - 6,50  - 
S 5590 7310 4200 11750 6060 
Zn 0,60 3770 1310 11100 1220 
























7.2.4 Second leaching 
The duration of the second leaching step was 240 minutes and it was carried out in the 
same reactor as the first leaching, at 90 °C and L/S 5. Two different sulfuric acid 
concentrations were tested, 2 M and 6 M. When 6 M acid was used, some problems 
came up in filtering the slurries. The filters seemed to get blocked very fast after the 
slurries were poured out of the reactor. Small suction was therefore applied to enhance 
the filtration. For most samples, this procedure worked well. In the case of AOD2, a 
very wet sludge-like substance that could not be filtered was formed. In all cases, the 
filters were affected by the strong acid and became friable. After the solid residues were 
dried, it was observed that they still contained much more moisture than when more 
dilute acid was used. Also, when the temperature of the filtered leachate dropped, some 
elements started to precipitate from the solution.  
Solid samples were analyzed using sodiumperoxide and ICP-OES technique. Liquid 
samples were also analyzed with ICP-OES. Extraction efficiencies for elements in this 
process step are presented separately for the two acid concentrations in Figures 25 and 
26.  Percentages are determined by comparing the amounts of elements present in the 
leachate to the amounts in the solid sample before water washing. Concentrations of 
elements in leachates from this step are presented in Tables 11 and 12. The precipitates 
of 6 M leachates that started to form in test tubes after sampling were analyzed and their 





Figure 25. Extraction of elements (%) in second leaching (2M). 
 
Table 11. Concentration of elements (mg/l) in leachate from second leaching (2M). 
Error estimate ±11 %. 
  CRK VKU1 VKU2 AOD1 AOD2 
Ca 500 96800 610 450 250 
Cd 0.60  - 590 0.5 1.70 
Cr 5100 71400 3300 4870 5140 
Fe 22530 105000 33550 56260 53390 
K 170 1380 1150 160 220 
Mg 18450 9890 2220 1100 6960 
Mn 540 12200 5390 3910 8060 
Mo 11.0 0 310 42.0 3750 
Ni 140 7200 4060 900 7740 
Pb 6.40 5950 12.0 9.70 8.20 
S 90780 120000 101500 97490 124200 























Figure 26. Extraction of elements (%) in second leaching (6M). 
 
Table 12. Concentration of elements (mg/l) in leachate from second leaching (6M). 
Error estimate ±11 %. 
  CRK VKU1 VKU2 AOD1 AOD2 
Ca 40.0 120 60.0 130 540 
Cd  - 43.0 310  - 590 
Cr 4540 3190 4150 9950 3510 
Fe 10850 27060 4970 17340 34210 
K  - 580 340 190 1180 
Mg 14160 3440 1970 1410 2320 
Mn 300 5580 3720 5910 5640 
Mo 16.0 30.0 300 55.0 320 
Ni 160 2250 5520 1860 4380 
Pb  - 6.80  -  - 14.0 
S 249400 238400 258900 236600 104400 





















Table 13. Compositions (mg/kg) of precipitated material in leachates from second 
leaching (6M). 
 CRK VKU1 VKU2 AOD1 AOD2 
Ca 1780 ± 360 1540 ± 310 1420 ± 290 1550 ± 310 1100 ± 220 
Cd - 30 ± 10 240 ± 70 - - 
Cr 4040 ± 1210 3240 ± 980 3610 ± 1080 3870 ± 1160 4180 ± 1260 
Fe 59200 ± 11840 102000 ± 20400 109000 ± 21800 85100 ± 17020  61300 ± 12260 
K 640 ± 380 - 2420 ± 1450 - - 
Mg 17900 ± 5370 4360 ± 1310 2850 ± 860 4660 ± 1400 5740 ± 1720 
Mn 90 ± 200 4540 ± 910 5090 ± 1020 2240 ± 450  3540 ± 450 
Mo - - 170 ± 70 1760 ± 710 2070 ± 830 
Ni 130 ± 20 1750 ± 260 3500 ± 530 3980 ± 600 5640 ± 850 
Pb - - - - - 
S 236000 ± 47200 247000 ± 49400 244000 ± 47800 239000 ± 47800 241000 ± 48200 
Zn 20900 ± 4180 10300 ± 2060 9090 ± 1030 5140 ± 1580 7380 ± 1450 
 
 
7.3 Concentrations in solid residues 
Concentrations of the most interesting elements (Zn, Fe, Ni, Mo, Cr and S) in solid 
residues during the entire process are presented in Figures 27-38. Presentation is done 
separately for the two alternative process chains (i.e. second leaching done either with 2 





Figure 27. Zinc concentrations (mg/kg) in original samples and in solid residues after 
each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 28. Zinc concentrations (mg/kg) in original samples and in solid residues after 
















































Figure 29. Iron concentrations (mg/kg) in original samples and in solid residues after 
each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 30. Iron concentrations (mg/kg) in original samples and in solid residues after 

























































Figure 31. Nickel concentrations (mg/kg) in original samples and in solid residues after 
each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 32. Nickel concentrations (mg/kg) in original samples and in solid residues after 














































Figure 33. Molybdenum concentrations (mg/kg) in original samples and in solid 
residues after each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 34. Molybdenum concentrations (mg/kg) in original samples and in solid 
















































Figure 35. Chromium concentrations (mg/kg) in original samples and in solid residues 
after each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 36. Chromium concentrations (mg/kg) in original samples and in solid residues 


















































Figure 37. Sulfur concentrations (mg/kg) in original samples and in solid residues after 
each process step. Second leaching was done using 2 M sulfuric acid. 
 
 
Figure 38. Sulfur concentrations (mg/kg) in original samples and in solid residues after 



















































8 EVALUATION AND DISCUSSION 
8.1 Error estimates 
Solid samples were analyzed using ICP-OES technique either with agua regia or 
sodiumperoxide. Liquid samples were also analyzed with ICP-OES. The analyzing 
laboratory, Labtium Oy, reported 25 % an 12 % average uncertainity in ICP analysis to 
solid and liquid samples, respectively. Another estimate of error was obtained by 
comparing three different analysis that were done for the original dust samples (Table 
14). These estimates give a better impression of the error that is related to ICP analysis 
as well as sampling and they are used for solid samples. For liquid samples, estimates 
from Labtium Oy are used. Additional error to the results comes from the heterogenity 
of samples. Sampling and sample preparation were done manually and their accuracy 
threfore limited.  
Table 14. Standard deviations (%) for different samples and elements. Values were 
obtained by comparing three analysis of original samples.  
 CRK VKU1 VKU2 AOD1 AOD2 
Ca 9 4 4 6 5 
Cl 10 10 10 10 10 
Cr 10 10 10 10 10 
Fe 43 17 16 9 12 
K 68 5 2 10 6 
Mg 6 11 22 4 3 
Mn 52 16 27 20 31 
Mo 89 3 5 14 4 
Ni 27 25 21 19 12 





8.2 Water washing 
Results from this process step were satisfying and in correlation with previous studies 
[Bruckard et al. 2005, Chen et al.  2011] even though maximum extraction rates were 
not reached.  77-93 % chloride, 11-63 % potassium and by 3-10 % calcium was 
extracted during water washing. Some differences were noticed compared to results 
from preliminary experiments. The yield of potassium was lower than in the preliminary 
experiments for both samples. Chloride and calcium removal were the same as in 
preliminary tests. For VKU1, VKU2, AOD1 and AOD2 molybdenum was leached; 
highest some 30 % in VKU1 and AOD2 which also had the highest Mo content. The 
leaching of Mo was probably due to presence of MoO or other molybdenum oxides [Ma 
et al. 2006, Nyirenda 1991]. As desired, the extraction of zinc in this step was negligent 
for all dust samples.  
Molybdenum was detected in the leachates, which in some cases might have economic 
value: the leachate from AOD2, for example, contained 996 mg /l of molybdenum. The 
leachates also contained chromium that was present from 15.7 to 214 mg/l. Chromium 
concentrations exceed the 5 mg /l limit values that are stated in EU and US legislation 
[Environmental permit for Tornio Works, Leclerc et al. 2003] and therefore the 
leachates have to be treated before discharging. Bruckard et al., for instance, mention 
that heavy metals could be removed by simple sodium sulfide treatment [Bruckard et al. 
2005]. 
Because of two different analysis methods were used by the analysing laboratory, yields 
for preliminary experiments and actual experiments were defined differently. Yields in 
preliminary washing were calculated from the amounts of elements in the original 
samples and solid residues, where as yields for actual tests were calculated from 
amounts of elements in the original samples and leachates. This difference might have 





8.3 First leaching 
Results from first leaching were not entirely what were expected. Zinc removal of only 
0-40 % was achieved: CRK 0 %, VKU1 14 %, VKU2 7 %, AOD1 40 % and AOD2 7 
%.  Additionally, the overall leaching of other elements was low, except for Cl, K, Ca 
and Mg.   
Theoretically, zinc oxides would have been leached during this process step and yield 
percentages would have been higher. Havlik et al. [Havlik et al. 2006] for instance 
reported zinc recoveries of more than 60 % in leaching with 0.5 M sulfuric acid, using 
similar parameters, except for higher L/S 12.5. Kekki et al. [Kekki et al. 2012] also 
reached higher leaching rates to the same samples that were studied in this thesis. The 
parameters they used were similar, except for longer time (120 min) and higher L/S 10. 
The reason for poor leaching might have been a malfunction in the reactor´s pH control 
system. The system was supposed to measure the pH in the reactor and keep it below 
pH 4.5 by pumping either additional sulfuric acid or sodium hydroxide to the reactor. 
Some air bubbles were detected in the pump´s tubes that maybe affected the pumping 
rate. From the measured time- pH diagram (Figure 39) it can be seen that in most cases 
pH values rose above 4.5 or were very close to that. In the case of CRK, the desired pH 
level was never even reached, which can explain the exceptionally low zinc leaching. It 
could be possible that zinc removal could be enhanced by increasing the L/S ratio. To 
evaluate the effect of pH, second tests without pH control were done for two samples 
(VKU2 and AOD1). Changes in pH during the tests are shown in Figure 40.  
Another interpretation of poor leaching is that 0.5 M acid is not strong enough to leach 
zinc oxides from the dusts (except in the case of AOD1). All that would have been 
soluble in this step would then have been leached already in the previous water washing 
step. Because the function of pH control was left unclear, this process step is 





Figure 39. Time- pH diagram from first leaching. 
 
Figure 40. Changes in pH during re- runs of first leaching (only for VKU2 and AOD1). 
 
By comparing Figures 39 and 40, it can be seen that in the case of VKU2, pH values 
rose faster without pH control. Same kind of behavior was not observed for AOD1. 
Zinc recovery without pH control was 9 % for VKU2 and 14 % for AOD1. The 









































has to be dependent on other factors in the experiment or analysis or either on the 
sample´s characteristics. 
The leachates from this process step did not contain much zinc, iron or alloying 
elements. Highest zinc concentration in this step was achieved for AOD1 (11100 mg/l). 
The same leachate contained also the highest concentration of iron (900 mg/l). Iron and 
other impurities have to be removed by solution purification methods, before the 
leachate could be used in electrolytic zinc production. According to Herrero et al. 
[Herrero et al. 2010] electrolytes that could be used in zinc production should contain 
50-70 g/l zinc. Concentration limits for impurities were presented in Table 10.  
8.4 Second leaching 
For both acid concentrations, zinc removal in this step was between 43-61 % but the 
highest percentages for all samples were reached when leaching was done using 2 M 
acid: CRK 62 %, VKU1 58 %, VKU2 50%, AOD1 61 % and AOD2 59 %. Compared 
with results that have been reported in other studies, these percentages were rather low. 
Langova et al. [Langova et al. 2007] for instance reported almost 100 % zinc extraction 
in 3 M sulfuric acid, 80 °C, L/S 5 and 6 hours. The dusts mineralogy is of course unique 
in every case and determines how different elements are leached. Kekki et al. [Kekki et 
al. 2012], who studied some of the same samples, achieved to leach 65-100 % of zinc 
from the dusts with 1.5, M sulfuric acid, 90 °C, L/S 10 and 2 hours. 
Nevertheless, it should be noted that crystalline sulphates started to form in all 6 M 
leachates. This precipitation decreased the zinc concentration in the leachates, so the 
concentrations in 6 M solutions were initially higher that the analysis reveals. It was 
practically impossible to measure the weights of the precipitates to evaluate the loss of 
elements from the solution. The yields for 6 M leaching should be viewed together with 
the precipitate analysis in order to get a better picture of total leaching.  
Changes in pH and zinc concentration in the leachate during the second leaching are 





Figure 41. Time- pH diagram from second leaching (2 M). 
 









































Figure 43. Time- pH diagram from second leaching (6 M). 
 
 






































By comparing Figures 41 and 43, it can be seen that in the case of AOD2 pH values 
rose higher when leaching was done with 6 M acid. This has to be related to leaching of 
certain elements but it not clear which ones. When CRK was leached with 6 M acid, 
zinc concentration in leachate started to decrease after 60 minutes. The pH of the 
solution must have exceeded a limit where zinc started to precipitate (see Figure 9 for 
E-pH diagram of the Zn-Fe-H2O system).  
Regarding the solid residues from leaching with 2 M or 6 M acid, a steep increase in 
sulfur content was observed (see Figures 37 and 38).  High sulfur concentration will be 
a problem as sulfur has to be removed before the residues can be fed back to steel 
making process. Furthermore, sulfuric concentrations in all samples exceed the limits 
that are applied in Finnish landfill sites (see Table 3). Limit values for heavy metals are 
also exceeded. The rise in sulfur concentration is due to formation of crystalline 
sulphates, and the only way to remove them would probably be washing the residues 
with hot water. This would impair the process as it results in higher water and energy 
consumption. 
The yields for Cr, Ni and Mo in this step were 30- 66 %, 10 % and 5- 77 %. The dust´s 
mineralogy is thought to have the most effect on their leaching. A leachability study by 
Laforest et al. reports that Cr and Ni were found to be tightly bound to iron or 
chromium oxides or spinel group minerals. Oxides are more easily soluble than spinels. 
Spinels are soluble only in concentrated acid so the removal of Cr and Ni could be 
expected only in this process step as 2 M or 6 M were used [Laforest et al. 2006]. 
Molybdenum on the other hand is found to be present as oxides and was therefore 






9 CONCLUSIONS AND RECOMMENDATIONS 
Based on experimental work, the following answers can be given to answer three 
research questions: 
1. Can a multistage leaching process be used in breaking franklinite and can it enhance 
zinc removal from flue dusts?  
The process that was tested (see Figure 46) contained two steps where the dust were 
leached with sulfuric acid: first leaching was done with 0.5 M acid, 15 min, 90 °C, 
L/S 5 and  the second one with 2 M or 6 M acid, 240 min, 90 °C, L/S 5. Yields in 
the first leaching were relatively low: CRK 0 %, VKU1 14 %, VKU2 7 %, AOD1 
40 % and AOD2 7 %. Highest zinc removal rates in the second leaching were 
reached with 2 M acid: CRK 62 %, VKU1 58 %, VKU2 50%, AOD1 61 % and 
AOD2 59%. On these basis, multistage leaching doesn´t seem to be advantageous to 
single phased leaching with 1.5 M sulfuric acid for example (except for AOD1).  
Because of potential malfunction in the pH control system, repetition of this process 
step is recommended in order to draw more secure conclusions. 
 
2. How do Ni, Cr and Mo behave during the process?  
Nickel was not leached during the first two process steps. Yields in water washing 
were practically 0 % and in the first leaching only 0-4 %. In the second leaching 
step yields were between 30-60 %. Chromium was not leached at all during the first 
two steps and yields in the second leaching step were only around 10 %. 15-33 % of 
molybdenum leached already during the water washing step, but its removal was 
minimal during the first leaching. In the second leaching step molybdenum yields 
were 5-77 %.  The dust´s mineralogy is thought to have the most effect on the 





3. Can halides be removed from the dusts by water washing pre- treatment? 
80-90 % chloride, 30-60 % potassium and 3-10 % calcium were removed when 
washing was done for 60 minutes at ambient temperature and L/S 5. Water washing 
can be used in removing most of the halides from the dusts, the process was fairly 
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Appendix 10. Particle size distribution of AOD2 dust based on particle surface area. 
 
